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Introduction

Water is an essential compound in our daily life activities and for the environment. Water
makes up 60-75% of human body weight, and a loss of 15% of total body water can be lethal.
Although 71% of the Earth’s surface is covered with water, only 0.2% is suitable for
drinking, and its distribution is very inhomogeneous, as 98% is salty, and 1.8% is frozen in
glaciers. The quality of most resources we rely on is being drastically reduced and exhausted
due to rapid population growth, climate change, global warming, agriculture activities, etc.
[1,2]. Freshwater is necessary for human survival but also serves as a primary raw material
for numerous industries. Almost 70% of the world population could be under water-deficit
conditions, and millions of people will be suffering from absolute water deficiency by 2025,
as predicted by the United Nations [3,4]. Based on these alarming forecasts, the number of
people who will experience water deficiency is expected to reach 7 billion by 2050 [3,5].
Given this situation, massive efforts are being initiated throughout the world to prevent this
emerging crisis.

The reuse, recycling, and recovery of water have proven fruitful in creating a new and
reliable water supply while not compromising public health, and this can be achieved by
improving wastewater treatment plants and related technologies such as membrane filtration,
UV disinfection, treatment with activated carbon, ozone, and advanced oxidation to remove
the contaminants present in water [6]. Membrane filtration is recognized as one of the most
promising and extensively used processes for cleaning wastewater, seawater, and brackish
water [7]. However, the use of conventional materials in water treatment processes such as
activated carbons and petroleum-based polymers have a large carbon footprint associated
with their production and application [8]. Thus, it is critical to employ low-cost,
environmentally friendly green alternatives with superior performance and lower carbon
footprints for a sustainable future. In this context, adsorption properties, photocatalytic
activity, and electrostatic interactions are the most major useful, attractive and clean
technologies for water treatment, virus removal, and antibacterial properties [9].

Recently bio-based nanomaterials, such as bacterial cellulose (BC), cellulose
nanocrystals (CNC), cellulose nanofiber (CNF), referred to as cellulose nanomaterials
(CNs), have been investigated for the water treatment process and virus removal since
cellulose is recognized as one of the most abundant biopolymers used as a reinforcing

material for fiber composite materials [10] and represents one of the most inexhaustible
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sources of raw material for the growing need for biodegradable and biocompatible products
[11,12]. The advantages of cellulose and cellulose derivatives are that they are
environmentally friendly, non-toxic, renewable, biocompatible, sustainable, and cost-
effective sources of carbon-based composites and support material for the development of
hybrid nanocomposite materials [13,14]. However, the application of cellulose has largely
been limited in food packaging due to its lack of antibacterial activity [15,16]. Functional
nanomaterials are widely used to enrich cellulose with antibacterial properties [17,18,19,20].
Cellulose is used as a support material for carbon derivates, metal nanoparticles, and metal
oxides such as TiO2, ZnO, Fe,0s, CuO, Ag, Cu, while multi-walled carbon nanotubes
(MWCNT) have also attracted much attention in the past decade [21,22,23]. Because of their
high surface area, water suspendability, and reductive surface functional groups, CNs are
attractive supports for carbon derivatives such as MWCNT, metal NPs, and metal oxides.
The incorporation of CNs inside polymer matrices — similar to the addition of carbon
nanotubes — modifies the membrane characteristics even at very low weight percentages
[24]. The most remarkable property enhancement is the large improvements in membrane
tensile strength obtained from small weight additions of CNs [25,26]. Other beneficial
characteristics include changes to membrane surface hydrophilicity, more superior
permeability, higher selectivity, and improved resistance to biofouling [27].

This dissertation focuses on the synthesis of novel cellulose reinforced nanohybrid
membranes for application in the removal of bacteria (such as E. coli) and organic dyes (such
as methylene blue). In addition, the catalytic hydrogenation of n-butene is also investigated.

The overall objectives of this dissertation are as follows:

a) Preparation of composites (ZnO-MWCNT) that are used as additives to improve the
adsorption and photocatalytic properties of as-prepared hybrid membranes. The preparation
was performed following two different methods: impregnation and the solvothermal method.
The mechanical and chemical properties of the composite were investigated intensively
using different analytical techniques. The photocatalytic activity of the as-prepared ZnO-
MWCNT nanocomposite additives was examined through the decomposition of
acetaldehyde.

b) Synthesis of photoactive BC-ZnO-MWCNT hybrid membranes, using bacterial
cellulose as matrix material and ZnO-MWCNT composites as additives. Two types of ZnO-

MWCNT additives with different morphologies were used in a wide concentration range
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from 0% to 90% for BC-based hybrid membranes produced by filtration. The interaction
between BC and ZnO-MWCNT and the effect of concentration and morphology of additives
on properties such as zeta potential, hydrophilicity, and electrical conductivity were studied.
Furthermore, the as-prepared membranes were characterized by the use of scanning electron
microscopy (SEM), focused-ion beam scanning electron microscopy (FIB-SEM), energy-
dispersive X-ray spectroscopy (EDAX), X-ray powder diffraction (XRD), and surface area

measurement (BET).

C) The performance of the hybrid photoactive membranes in the adsorption and
photocatalytic degradation of methylene blue (MB) under UV irradiation and the removal of

Escherichia coli (E. coli) was investigated.
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1. Literature review and knowledge gap

According to the World Health Organization (WHO) the drinking water of almost two
billion people is infected with feces, leading to about 502 000 gastrointestinal infections each
year and resulting in severe health implications, including death [28]. For countries
struggling with providing access to healthy drinking water, adequate water treatment criteria
are difficult to fulfill [29,30]. Various treatment methods are constantly being developed to
address this problem, with the purpose of removing as high a proportion as possible of the
contaminant species. Nevertheless, research shows that multiple potentially toxic
compounds are still present [31]. High-efficient nanomaterials for water purification are also
under investigation, with materials such as carbon nanotubes (CNTSs) [32], cellulose [33],
and their composites exhibiting outstanding performance [34]. These nanomaterials are
widely utilized within an adsorption procedure for extracting contaminant species and have
also been examined as size exclusion membrane filters that block contaminants while
allowing the flow of water [35]. Photodecomposition is also one of the promising processes
dedicated to removing pollutants from the environment. During this phenomenon, the
adsorbed species on the surface are decomposed by the absorption of photons in the visible,
ultraviolet, or infrared regions [36,37]. Photocatalysts are widely used in order to take
advantage of photodegradation and decomposition of pollutants. Most of these
photocatalysts are semiconductors with the appropriate bandgap, high surface area,
morphology, stability, and reusability; TiO2, ZnO, SnO, and similar substances are widely
employed [38,39].

1.1. Carbon nanotubes-based composites in water treatment

Carbon nanotubes (CNTs) are nanoparticles that have unique features such as their
physical properties, mechanical properties, high chemical resistance, and large surface areas
[40]. They can be regarded as cylindrical molecules consisting of a rolled-up graphite layer
(a hexagonal lattice of carbon). As a result of these intriguing characteristics, they have
attracted significant attention in recent years, and many research studies have been devoted
to understanding them [41]. Basically, two types of carbon nanotubes can be distinguished.
These are the single-walled carbon nanotube (SWCNT) and the multi-walled carbon
nanotube (MWCNT) [42].
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With their exceptional characteristics, CNTs have been employed in many potential
applications [43,44]. As a result of their large specific surface area and high adsorption
capability, CNTs have been commonly employed in environmental applications [45]. The
combination of semiconductors with MWCNTs is an ideal strategy to improve
photocatalytic performance. MWCNT have large electron storage abilities and conductivity
similar to that of copper; consequently, the MWCNT could act as an electron reservoir in
composites [43]. The unique thermal, electrical, and physical properties, plus the adsorption
capacities of cylindrical hollow structures of MWCNT, have been explicitly exploited by
many researchers as support for semiconductors with photocatalytic properties. CNTs have
certain advantages because they are inert in most reaction conditions. They can give
excellent dispersion of semiconductor photocatalysts and create several active sites for
photocatalytic degradation [46]. As was reported earlier, MWCNT can conduct electrons
and have a high adsorption capacity for specific organic substrates [47].

Photocatalysis is an advanced oxidation process that combines light radiation with a
photocatalyst such as ZnO, TiO2 and CuO. The principle of photocatalytic oxidation is based
on the absorption of photons by the photocatalyst and the separation of the resulting charges.
Indeed, the energy provided by the photons allows the movement of electrons from the
valence band to the conduction band, thus generating a separation of charges (excess
electrons in the conduction band and a deficit in the valence band "h*"). Under these
conditions, there can be direct oxidation of the pollutant thanks to the “h™ holes or indirect
oxidation via the formation of free radicals. These free radicals are capable of breaking down
the pollutant. The recombination of electron-hole charges is the main challenge in
photocatalysis and results in inefficient photodegradation [48]. This electron-hole
recombination can be reduced by making MWCNT-based composite material with other
semiconductor nanoparticles or metal oxides [49]. MWCNT is well known as a material that
has the capacity to capture electrons due to its high charge conducting ability, which
ultimately reduces the phenomenon of electron-hole recombination. Consequently,
MWCNT can be viewed as a good acceptor for photo-generated electrons by supporting the
interfacial electron transfer process, while the semiconductors can be considered as good
electron donors under irradiation [50,51]. This phenomenon is explained in Figure 1.
Different preparation methods have been applied to coat many types of semiconductor metal
oxides on MWCNT, such as TiO2 [52,53], SnO; [54], Cu20 [55], CeO: [56], and ZnO
[57,58,59]. A summary of these studies is presented in Table 1.
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Due to its broad bandgap of 3.37 eV and a high exciton binding energy (60 meV) at room
temperature, ZnO is considered a promising semiconductor material [60] that has gained
extensive attention as an optoelectronic material due to its outstanding features in
electronics, optics, and photonics applications [61]. It is also considered as a candidate for
application in the photocatalytic decomposition of organic compounds under UV irradiation.
Moreover, ZnO nanoparticles have numerous advantages for photocatalytic reactions, such
as high absorption efficiency of light irradiations, stability, and antibacterial properties [62].
So far, numerous techniques have been investigated to coat the surface of MWCNT with
ZnO nanoparticles, such as solvothermal synthesis, sputtering, chemical vapor deposition
(CVD), and vacuum infiltration [63,64,65]. Koh et al. also published on the modification of
the MWCNT by ZnO nanorods utilizing the hydrothermal method [66].

Degradation radical

Degradation radical

Figure 1. Schematic diagram for the photocatalytic degradation mechanism of MB dye using
TiO,-MWCNT nanocomposite [67].

Chen et al. made ZnO-MWCNT composites through the acid treatment of MWCNT with
HNO3, H2SO4 and NH3 [68]. Modifying the surface functional groups through acid treatment
serves two principal objectives [69]. The first objective is to reduce the agglomeration of

nanotubes, diminish impurities, and create open-ended tubes. The second goal of the acid
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treatment is to give more attachment of functional groups and increase the degree of
functionalization, which enables the CNTSs to be further chemically modified [70,71]. In
composite systems, an easy and low-cost approach to controlling the particle size and

morphology is crucial to control the particle size and morphology to their employment in

photocatalytic applications.

Table 1. Photocatalytic activity of MWCNT mediated composites.

Composite Photocatalytic activity Reason for enhanced | Ref.
activity/optimization conditions
MWCNT-TIO; Degradation of 2,6-dinitro- 0.05% MWCNT in TiOz 6.0 g/L [72]
p-cresol (DNPC) catalyst concentration; 150 min
irradiation time
MWCNT-TIO; Degradation of methylene Electron acceptor (H202 used in this [73]
blue (MB) study)
MWCNT-TIO; Degradation of methylene MWCNT acted as a dispersing agent [74]
orange (MO) to hinder the agglomeration of TiO»
MWCNT-F-co-doped | Decomposition of methyl Non-metal insertion in TiO, improves [75]
TiO2 (MWCNT-FT) orange under UV irradiation | the photocatalytic effects
(254 nm)
Thin films of | Degradation of Porcion Red | No initial requirement of oxidation of [76]
MWCNT-TIiO2 dye MWCNT. The Micellar mechanism
of AOT/toluene imparts surface
charge on MWCNT and TiO;
Pd/MWCNT-TIO; Degradation of MO The introduction of Pd helps trap [77]
molecules electrons from MWCNT to TiO>
ITO/MWCNT- Degradation of Rhodamine Promoted novel photo- [78,79]
TiO /ITO B (RhB) electrocatalytic (PEC) degradation
molecules
MWCNT-TIiO2 Decomposition of colored The treatment of composite with [80]
dye (RhB) phosphoric acid enhances the amount
of O, adsorbed on MWCNT
MWCNT-TIiO; Degradation of rhodamine 10% loading MWCNT demonstrated [81]
6G a remarkably high photocatalytic
effect
MWCNT-ZnO Degradation of RhB Sonophotocatalytic ~ process  (the [82]
combination of photocatalysis and
ultrasonic irradiation) induces rapid
decomposition
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MWCNT-ZnO Photodegradation of Reduction of recombination rate of [83]
methylene blue (MB) photo-generated charge carriers by
loading CNTs on ZnO

MWCNT-ZnO Photocatalytic degradation The MWCNT/ZnO nanocomposites [84]

of malachite green under were synthesized through a novel

visible light two-step ball milling-hydrothermal
synthetic method in which there was
no need for initial functionalization
of the MWCNT

MWCNT-ZnFe;04 Degradation of methylene H,O, addition acting as electron [85]

blue (MB) scavenger to generate hydroxyl
radicals

MWCNT-ZnPc Degradation of 93.2% of Zinc phthalocyanine (ZnPc) photo- [86]

RhB achieved chemically converts triplet oxygen
into singlet oxygen responsible for the
bleaching of RhB

MWCNT-Pd-ZnO Reduction of aqueous Hg(Il) | The doping of Pd into ZnO acting as [87]
an electron sink to accept the photo-
generated electrons from ZnO, and
also Pd reduces the recombination
rate

MWCNT-BIOCI Dye degradation of | 98% in 105 min, 97% in 60 min, and [88]

malachite  green  (MG), | 97% in 90 min degradations were
congo red (CR), and | observedunder UV irradiation for BP,
bromophenol blue (BP) CR, and MG, respectively.

MWCNT-BIiPO4 Degradation of MO The employed solvothermal [89]
technique endorses the effective
contact between
BiPO, and MWCNT rather than the
simple mixing

MWCNT-Bi40sBr; Degradation of tetracycline | 83.1% degradation of RhB in 75 min | [90]

hydrochloride (TC) and | and 86.2% degradation of TC in 120
rhodamine B (RhB) min is observed

MWCNT-CdS Degradation of RhB | Templating agent poly(amidoamine) [91]

molecules (PAMAM) dendron on MWCNT to
stabilize the higher loadings of CdS
nanoparticles

MWCNT-CdS- Decolorization of MO CdS/MWCNT/polymer-H,0, system [92]

polymer removes 99.9% in 90 min

17




MWCNT-CdS QDs Photooxidation of malachite | The 94.9% decomposition of MG was [93]
green (MG) observed with 2.5% of CdS
QDs/IMWCNT catalyst at 20 min
under visible light. Quantum dots

(QDs) improves the absorption of

visible light
MWCNT- Decay of malachite green | 3.0 wt% of MWCNT containing [94]
Ag@AQgsPO4 (MG) Ag@AgsPO/MWCNT showed

strong  photocatalytic  efficiency.
Higher contents of MWCNT inhibit

photocatalytic activity.
MWCNT/AgsPOs-Agl | Decontamination of Cr(VI1) | 7:3 molar ratio of AgsPO4 and Agl in [95]
and orange 11 the MWCNT/AgsPO4-Agl composite

showed good photocatalytic activity

1.2. Nanocellulose-based composites in water treatment

Cellulose is an organic compound formed of repeating units of B linked D-glucose units
[96]. Cellulose structure is a hierarchical assembly of elementary fibrils, constituted of 18 to
24 or 36 cellulose macromolecules packed into nanofibrils and microfibrils forming the cell
walls of green plants [97,98] as shown in Figure 2. The number of molecules constituting
elementary fibrils is still discussed and debated even though this research began more than
100 years ago [99].

Nanocellulose (NC) is constituted from these elementary fibrils with diameters as low
as 4 nm depending on the source, and lengths are usually in the micrometer range [100].
These elementary fibrils have remarkable mechanical properties due to their high specific
surface area with high strength, chemical inertness, and adaptable surface chemistry [101]
making NC a promising material for highly efficient membranes and filters in order to
selectively eliminate harmful species from industrial and drinking waters [102]. There are
three main categories of NCs; bacterial cellulose (BC), cellulose nanofibrillated (CNFs), and
cellulose nanocrystals (CNC), also referred to as cellulose nanowhiskers or nanocrystalline
cellulose [103]. Table 2 summarizes the three categories of nanocellulose and their

synonyms, typical sources, and average dimensions.
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Figure 2. The hierarchical structure of plant fibers [104].

Table 2. Three common types of nanocellulose, as well as their synonyms, typical sources, and

sizes

Type of nanocellulose | Synonyms Typical sources Average sizes
Cellulose nanofibrillated | Cellulose nanofibrils, Wood, sugar beet, Diameter: 3-60 nm;
(CNFs) cellulose microfibrils, potato tuber, hemp, Length: several

nanofibrillated cellulose flax micrometers
Cellulose nanocrystals Nanocrystalline cellulose, | Wood, cotton, hemp, | Diameter: 3-60 nm;
(CNC) cellulose crystallites, flax, wheat straw, Length: 100-250 nm

cellulose whiskers, mulberry bark, ramie,

rod-like cellulose, tunicin

cellulose microcrystals
Bacterial cellulose Microbial cellulose, Low-calorie-weight Diameter: 20-100 nm;
(BC) bacterial nanocellulose, sugars and alcohols Length: several

biocellulose micrometers
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BC is ubiquitous in nature, being produced by microorganisms fermenting sugars and plant
polysaccharides. Komagateibacterxylinus (previously called Acetobacter
or Gluconoacetobacter) are the best-known bacteria species capable of making the
fermentation process [105,106]. Apart from the species utilized, selecting the culture
medium and parameters is crucial for the BC properties produced [107]. BC fibrils are
discharged from the microorganisms in an accumulated state in the form of planar
fleeces/pellicles.

Growing complex structures, even in three dimensions, is possible with the use of direct
growth templates [108]. CNCs and CNFs are made via the top-down method, obtained by
breaking up raw cellulose materials into nanosized particles. In the past, ultrasound was
utilized to defibrillate cellulose and isolate CNC from wood pulp and cotton. The particles
generated were labeled as crystallites and cellulose micelles, based on the observation of
Staudinger of the micellar structure of cellulose [109]. Currently, sulfuric acid is usually
used for the acid hydrolysis cleavage of the glycoside bonds in non-crystalline regions of
cellulose fibrils, yielding CNCs. CNFs are synthesized by applying strong mechanical
machining [110]. The first direct approach to isolate CNFs by mechanical disintegration was
published by Turbak etal. in 1983 [111]. Subsequently, several approaches and devices have
been proposed and studied, e.g., high-pressure homogenizers, ball milling, ultrasonication,
steam explosion, common refiners, or high-speed blenders [112,113].

The application of NC in water treatment can be achieved by different methods [114].
The easiest one is utilizing pure NC as an adsorbent material. This is achieved by the
adsorption of the contaminants such as dyes, heavy metals, etc., on the surface of NC through
electrostatic interaction and chemical bonds. The realization of this method strongly depends
on a high specific surface area, which can lead to removing multiple pollutants, most
importantly cations such as heavy metal ions, organic pollutants including dyes, oils,
pesticides, and pharmaceuticals [115]. Nevertheless, the use of several types of modified NC
and their affinity toward contaminants has been viewed as a good substitute for the energy-
intensive and costly technology based on commercial, activated carbon-based adsorption
[116]. Table 3 summarizes the application of NC-based composites for the adsorption of
different organic pollutants. Many hybrid-based cellulose nanocomposites have recently
gained more attention as new types of photocatalysts with exceptional optical, electrical,

mechanical, and thermal characteristics [117].
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Table 3. Cellulose and cellulose-based composites as adsorbents for various types of organic

pollutants.

Cellulose derivatives-based composites

S NC-based composites Model Adsorption Duration Ref No.
No. pollutants capacity (mg/g) (min)
1 Amino-functionalized acid red GR 134.7 300 [118]
nanocrystalline cellulose | Congo red 4BS | 199.5
reactive light- 183.0
yellow K-4G
2 BC-Fe304 spheres Pb2* 65.0 120 [26]
Mn?* 33.0
Cré* 25.0
3 CNC-alginate hydrogel Methylene blue | 255.5 210 [119]
beads
4 Carboxylate- crystal violet 243.90 240 [120]
functionalized adsorbent | methylene blue
based on CNC malachite green
basic fuchsin
5 Cationic CNF PO 55.0 - [121]
functionalized with SO+ 50.0
glycidyl F 10.6
trimethylammonium NO3~ 44.0
chloride
6 Calcium hydroxyapatite | Cr(VI) 114.79 5 [122]
CNF
7 BC-Fe203-Sn0O; Methylene blue | 28.87 60 [123]
8 CNF-TiO, composites Pb?* 371.0 180 [124]
9 Cellulose-ZrO, Ni2 79 60 [125]
nanohybrid
10 BC-Fe;03-Zr0O; Methylene blue | 38.10 120 [126]
nanohybrid composite As(111) 1.01
11 MnO,-loaded Pb(ll) 2475 180 [127]
biocomposite based on
microcrystalline cellulose
12 NC-amino linked by Arsenic 85.3 90 [128]
maleic acid supported on
magnetite
13 Cellulose aerogel based blue dye CR19 | 230 80 [129]
on cationic CNF red dye 180 160
orange dye 142 | 560

21




The low photocatalytic activity of the cellulose and cellulose derivatives under visible or
UV light irradiation leads many research groups to modify cellulose with semiconductors to
enhance their photocatalytic activity. Various investigations have studied the photocatalytic
activity of cellulose-based metal oxides such as TiO2, ZnO, graphene oxide, and Fe>Osz in
the form of a membrane, thin-film, or hybrid materials water treatment under UV and visible
light irradiation. The degradation rate of organic pollutants was enhanced by using these
NC-metal oxide composites as photocatalysts compared to pure materials. The application
of cellulose-based photocatalyst materials for photocatalytic decomposition of different

organic species is presented in Table 4.

Table 4. Application of nanocellulose-based hybrid photocatalysts in photocatalytic

degradation of various types of organic pollutants.

Type of catalyst Model pollutants Light source Photocatalytic Ref.
degradation
efficiency (%) and
reaction time
(min)
Nanocellulose-graphene 30 mL of 30 mg/L of | sunlight 98%, 240 min [130]
oxide-TiO, composites congo red irriadiation with
average intensity
of =900 W/m?
Nanocellulose-ZnO-graphene | 25 mL 2—4 mg/L solar light 100 98%, 40 min [131]
oxide composite ciprofloxacin mwW/cm?
Cellulose-ZnO composites 50 mL 3.25 g/L of UV lamp with 79%, 300 min [132]
methylene blue unknown
wavelength and
intensity
Hydroxypropyl 250 mL methylene sunlight 90%, 180 min [133]
cellulose/molybdenum blue
disulphide nanocomposite
hydrogels
Cellulose-TiO,-HPM hybrid 100 mL 10 ppm 4- 250 W halogen 85%, 180 min [134]
material nitrophenol lamp (main
range 400-800
nm)
BC-graphene oxide-TiO; 100 mL 10 mg/L UV lamp (365 100%, 120 min [135]
nanocomposite methyl orange nm, 175 W)
Carboxymethyl cellulose-TiO, | 30 mL 30 mg/L sunlight 91.5%, 240 min [136]
nanocomposite hydrogel congo red
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Flexible cellulose fabrics 99.995% CO, at a four UVA lamps | 194.0 ppm/g and [137]
covered with TiO; flow rate of 300 (8 W each lamp) | 50.8 ppm/g for CO
mL/min for 1 h A =365 nm and CHg, 360 min
BC-CdS hybrid fibers 200 mL 20 ppm 300 W Xe lamp | 82%, 90 min [117]
methyl orange with a cut-off of
A <420 nm
Cellulose fibre covered zinc 10 mL of 50 uM 100 W lamp 98%, 90 min [138]
phthalocyanine basic green 1 visible light, A >
400 nm
Cu,0 nanoparticles and 10 mg/L methyl sunlight (cloudy, | 72%, 300 min [139]
graphene oxide in cellulose orange 20 °C)
matrix
Cellulose-N-doped TiO; 150 mL 40 mg/L UV lamp at A= | 96%, 360 min [140]
nanorods thin films methylene blue 312 nm, 30 W
Cellulose acetate supported methyl orange 500 W Xe arc 73%, 160 min [141]
Ag@AgCI composites lamp equipped
with a UV cut-
off filter (A >
420 nm)
BC-TiO2 membrane 3 mL 15 mg/L UV irradiation 95%, 180 min [142]
reactive red X-3B with unknown
wavelength and
intensity

Bacterial cellulose has numerous excellent properties, but the absence of antibacterial
activity limits its application to food packaging. Fazli et al. [143] have presented a facile
method for incorporation of ZnO nanoparticles into BC in order to introduce antibacterial
characteristics into it: the nanohybrid composite BC-ZnO was fabricated by immersing BC
pellicles in a zinc nitrate solution followed by treating with NaOH solution. and then was
investigated towards the photocatalytic activity of methyl orange (MO), and the results
revealed 91% degradation of MO under UV-irradiation within 2 h. Furthermore, the BC/ZnO
nanocomposites were tested against Gram-positive and Gram-negative bacteria and
demonstrated significant UV-blocking properties as well as a high bacterial activity against
all strains. In another study Guang et al. [144] have in-situ synthesized silver nanoparticles
in BC membranes by template method. The results indicated that the samples showed a
strong bactericidal effect of the BC-AgNPs composites towards both E. coli and S. aureus
bacteria with more than 8-log reduction and >99.99% killing ratio in the number of viable
E. coli after contact for 18h. Szekeres et al. [145] prepared a Cu coating on the surface of a
cheap organic material (NFC) to prepare an efficient virus membrane, which could be a

promising solution for an optimized, high-performance point of use (POU) virus filter
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(Figure 3). Firstly, the group investigated the adsorption capacity for both
poly(tetrafluoroethylene) (PTFE) membrane and the pure NFC in batch experiments by
stirring in-air, only the pure NFC showed a <1Log retention and none of the rest showed any
measurable effect on the virus concentration. Cu-NFC showed a 3Log virus retention in
batch experiments. Cu-NFC showed a 3Log virus retention in batch experiments. Cu-
functionalized membranes of 50 mg of NFC were used in the flow experiments at pH = 5.0,
7.5, and 9.0. These filters exhibited virus retention of 3 magnitudes at pH = 7.5 and 9.0 and
retention of 4 magnitudes at pH = 5.0. By using so-called double amount (DA) filters, the
virus removal passed five magnitudes (LRV > 5) at all three pH values; based on results, the
authors concluded that both the quantity of Cu and the NFC quantity act significantly on the

synthesis of an effective filter.

Figure 3. Photograph of MS2-infected E. coli culture after MS2 bacteriophage filtration with
Cu-NFC filters [148].

Zhou et al. [146] developed a new nanohybrid catalyst consisting of CuO nanoparticles
(NPs) supported on the surface of nanocellulose crystals, which demonstrates superior
catalytic activities for the reduction of 4-nitrophenol compared with unsupported CuO NPs
and other catalysts (e.g., graphene oxide-supported CuO) for this reaction. Their results
suggest that this enhancement is a result of both the high surface area of the CNCs and the
abundant hydroxyl group-induced immobilization of CuO NPs, which also leads to very
stable CuO NPs-CNCs suspension. Sun et al. [147] reported the fabrication of BC-TiO-
hybrid nanofibers with high surface area and high photocatalytic activity. The oriented
anatase TiO2 nanoparticle arrays were implanted on BC fibers using a molecular imprinting
technique. The BC-TiO2 hybrid nanofibers are mesoporous and consist of partially cemented

anatase particles with diameters in the range of 4.3-8.5 nm and a surface area of 208.17 m?/g.
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The BC-TiO2 hybrid nanofibers show high photocatalytic activity, exceeding that of
Degussa P25. Yang et al. [117] reported a facile approach to fabricate BC-CdS hybrid
nanofibers with high photocatalytic activity. The photocatalysis activity of the recently
produced BC-CdS hybrid nanofibers was examined by MO degradation. The results show
that the robust BC-supported CdS nanoparticles are useful in the photocatalytic degradation
of organic dyes such as MO. Moreover, shape and size-controlled CdS pasted on BC
nanofibers allows its potential application as a recyclable photocatalyst in the field of
catalytic methods. Ma et al. [148] made a CNC-based nanofibrous microfiltration (MF)
membrane by impregnating CNC into the polyacrylonitrile (PAN) electrospun nanofibrous
structure, resulting in a cross-linked nanofibrous mesh with a very high surface-to-volume
ratio. The as-prepared membrane possessed an average pore size of 0.22 um, narrow pore
size distribution, and a high retention ratio (LRV = 6) against the bacteria E. coli and B.
diminuta (through screening filtration). The produced CNC had a large surface (negative)
charge density (zeta potential was -75.2 mV), as validated by the adsorption of positively

charged dyes.

1.3. Knowledge gap

As can be seen and concluded from the literature review, many reports and scientific papers
have investigated the synthesis as well as the application of MWCNT composites; however,
the effect of solvent conditions on the preparation of ZnO-MWCNT composites on the
photocatalytic activity performance has not yet been investigated. Furthermore, no study has
yet compared the influence of solvothermal and impregnation methods on the structural,
optical, morphological properties, and photocatalytic activity of the ZnO-MWCNT
composites. The preparation and investigation of NC-based composites in the field of water
treatment towards various contaminant species present in contaminated water have been
reported, and numerous semiconductor materials (TiO2, ZnO, graphene oxide, CdS, and
Fe203) have been added to NC in order to improve the photocatalytic degradation as well as
the adsorption capacity of NC towards different organic pollutants present in contaminated
water. Although several studies have reported the fabrication and application of BC, CNC,
or CNF with different organic-inorganic materials, including photocatalysts such as TiOg,
ZnO, CuO, Fex03, or MWCNT, the fabrication, the antibacterial properties and the
photocatalytic activity of BC-ZnO-MWCNT nanohybrid membranes have not been studied

so far.
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1.4. Objectives

The current work’s primary objective is to create an efficient water treatment solution
derived from sustainable and abundant renewable resources at low cost and fabricated
through a facile preparation synthesis. Therefore, a stable and self-supported BC-ZnO-
MWCNT membrane constituted of MWCNT as a material with high adsorption
capacity, ZnO as a photocatalyst, and BC as a support material with high mechanical
strength and high hydrophilicity properties was produced. The adsorption capacity, the
photocatalytic degradation, and the antibacterial activity of the as-prepared hybrid

membranes were investigated.

1- The preparation was performed in the following two phases:

a) The first phase is the synthesis of the ZnO-MWCNT composites, which was
achieved by two preparation methods, the impregnation method, and the
solvothermal synthesis.

b) In the second phase, the BC-ZnO-MWCNT hybrid membranes were produced
using a papermaking technique that involves passing the prepared suspension
through a microfiltration apparatus under vacuum, then pressing the prepared

membranes slightly.

2- The as-prepared ZnO-MWCNT composites and the hybrid membranes were
extensively characterized utilizing different analytical techniques: XRD, BET, SEM,
FIB-SEM, Raman spectroscopy, contact angle measurements, zeta potential

measurements, etc.

3- Subsequently, the photocatalytic activity of the ZnO-MWCNT composites was
investigated towards the degradation of acetaldehyde, and the efficiency was
compared based on the solvent conditions in which the composites were prepared.
Finally, the BC-ZnO-MWCNT hybrid membranes were applied as adsorbent
materials and photocatalysts for the decomposition of methylene blue; furthermore,
the antibacterial activity was studied towards the removal of E. coli as Gram-negative
bacteria.
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2. Materials and methods

2.1. Materials used

For the synthesis of MWCNT
e Acetylene (C2H>) (Sigma-Aldrich)
e Iron (Fe) (Sigma-Aldrich)
e Cobalt (Co) (Sigma-Aldrich)
e Calcium Carbonate (CaCQO3) (Sigma-Aldrich)

For the synthesis of ZnO-MWCNT nanocomposites:
e Sodium-dodecyl-sulphate (SDS) (Sigma-Aldrich)
e Hydrochloric acid (HCI) (Sigma-Aldrich)
e Zinc acetate (Zn(CH3COO)2 x 2H,0) (Sigma-Aldrich)
e Multi-walled carbon nanotubes (MWCNT) (Nanocyl, Belgium)
e Absolute Ethanol (EtOH) (VWR chemicals)

e Deionized water (H20)

e Cetyl trimethyl ammonium bromide (CTAB) (Reanal, Hungary)

For the synthesis of BC-ZnO-MWCNT hybrid membranes:
e BC fibers were received from nata de coco cubes (FI, Philippines)
e Absolute Ethanol (EtOH) (VWR chemicals)
o Polytetrafluoroethylene (PTFE) filter (pore size of 0.22 um and the diameter of 47

mm)

e As-prepared ZnO-MWCNT nanocomposites
2.2. Syntheses

2.2.1. Preparation of MWCNT

MWCNT was prepared by the catalytic chemical vapor deposition (CCVD) method in a
rotary oven at 720 °C in nitrogen flow. Acetylene was utilized as the carbon source, and Fe,
Co/CaCOs as the catalyst, and the total concentration of metal was 5 wt%. The support
material and the catalyst particles were removed by stirring the product in 10% hydrochloric
acid (HCI) for 1 h, and then it was filtered and washed with distilled water until neutral pH
was achieved. The average diameter of the MWCNT was 20-60 nm, while average lengths

were about a few hundred nanometers to few micrometers [149,150]. The specific surface
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area of the MWCNT was 182.1 m?/g. The main features of MWCNT Raman spectra are the
D, G, and G’ peaks. The purity of the carbon phase can be easily determined by the ratios of
these three peaks, and the metal content was previously regarded with a quantitative ICP-
MS analysis [151]. This analysis and the peak intensity ratios in the case of MWCNT
indicate good quality and a highly graphitic nature.

2.2.2. Preparation of ZnO-MWCNT composites under different solvent conditions

The chemical adsorption of SDS molecules on the surface of the MWCNT induces
electrostatic repulsion between polar heads that are exposed in the aqueous solution, thus
preventing MWCNT aggregation and inducing the formation of stable black suspensions.
Non-covalent functionalization of MWCNT is necessary, therefore pristine nanotubes were
dispersed in a 2 wt% dilute SDS aqueous solution [152] to modify the MWCNT surface.
The ZnO-MWCNT composites were prepared by a simple impregnation method. Surface-
treated MWCNT was applied as raw material and Zn(CH3COQO), x 2H>0 as precursor
compound. MWCNT contents were fixed at 10 wt% of the total ZnO-MWCNT composites
calculated to the final crystallized product after annealing. Initially, 0.1 g SDS modified
MWCNT was dispersed in 50 mL water and EtOH via ultrasonication for 15 min. During
this time, the exact amount of the precursor (2.45 g) was dissolved in another 50 mL of water
or EtOH. For complete dissolution of the precursors, the solution was stirred vigorously
using a magnetic stirrer for 10 min at 300 rpm. Finally, the precursor solution was added
drop by drop (~2 mL/min) to the MWCNT suspension under continuous stirring. Then, the
mixture was heated on a hot plate to 40 °C to evaporate EtOH and 70 °C to evaporate H2O.
The composite powder was further dried at 70 °C in air for 12 h. Finally, the as-prepared
nanomaterials were annealed in a static furnace in air for 3 h at 300 °C with a heating rate of
5 °C/min to obtain crystalline ZnO. Materials of ZnO for comparative examinations were

prepared precisely in the same way as the composites without the presence of MWCNT.

2.2.3. Preparation of ZnO-MWCNT applying different syntheses methods

To prepare the ZnO-MWCNT composites two different synthesis routes were applied.
These were the impregnation and solvothermal methods. The precursor solution was
prepared by dissolving 0.22 M (2.42 g) of zinc acetate dihydrate in 50 mL of EtOH and
stirring it vigorously for 15 min at 300 rpm to ensure complete dissolution. Meanwhile, a
suspension of purified MWCNT (100 mg) was sonicated in 100 mL of EtOH for 15 min
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using an ultrasonic laboratory homogenizer (40 kHz and output power of 40 W; Heilsher
GmbH, Germany). The MWCNT content was set at 10 w/w% in the final composite’s total
mass in both cases. For impregnation synthesis, the solution of precursor was added
dropwise (at 1 mL min?) to the MWCNT suspension. Then the mixture was left to react
under mechanical stirring for 12 h; afterward, it was heated to 75 °C to evaporate the
solvents. Eventually, the final product was annealed at 400 °C for 4 h in air at 5 °C min !
heating rate to form ZnO nanoparticles on the surface of the MWCNT. In the case of the
solvothermal route, the MWCNT suspension was added directly to the precursor solution
under stirring. Next, the mixture was emptied into 150 mL stainless steel autoclaves with an
attached Teflon tube and then placed in a static furnace for 12 h at 150 °C. Afterward, the
residues were removed by centrifugation and washing with distilled water, and then the
samples were annealed at 400 °C at 5 °C min ! heating rate for 4 h. The final products
synthesized by impregnation and solvothermal were labeled ZnO-MWCNT-IMP and ZnO-
MWCNT-SOLVO, respectively. The surface properties of the ZnO-MWCNT composite
additives synthesized by both methods were modified through treatment with CTAB, which
also helps to stabilize them against van der Waals attraction [153,154]. The modification
was achieved by dispersing 0.1 g of ZnO-MWCNT composite material in 50 cm?® of the
CTAB solution (0.05 M) in deionized water. The solution was sonicated for 10 min and then
stirred for 4 h. Subsequently, it was centrifuged and washed with distilled water until neutral

pH was achieved. Finally, the powders were dried overnight in air at 100 °C.

2.2.4. Preparation of BC-ZnO-MWCNT hybrid membranes
The BC-ZnO-MWCNT nanohybrid membranes were prepared by immersing the

calculated amount of BC fibers into 15 mL EtOH to obtain the BC suspension. Meanwhile,
the ZnO-MWCNT-IMP and ZnO-MWCNT-SOLVO composite additives were sonicated in
50 mL EtOH for 15 min. The composite ZnO-MWCNT additive content in the final
nanohybrid membrane was varied in a wide range, from 10 to 90 w/w%. The BC suspension
was then mixed with the ZnO-MWCNT-IMP and the ZnO-MWCNT-SOLVO suspensions
and mechanically stirred for 5 h at 300 rpm. Finally, the BC-based hybrid membranes were
prepared by vacuum filtration through a PTFE membrane to reach a loading of 8 mg cm™
(the total mass being 100 mg per membrane), then left to dry in air under pressing. The
membranes were denoted as IMP 10-90 and SOLVO 10-90 depending on the preparation
route (IMP, SOLVO) and the composite additive concentration (10-90 %). Figure 4 shows
a schematic illustration of the preparation of the hybrid membranes.
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Figure 4. Schematic illustration of the preparation of BC-ZnO-MWCNT-SOLVO hybrid

membranes

2.3. Characterization of composite materials and hybrid membranes

2.3.1. Transmission electron microscopy (TEM)

The formation of ZnO inorganic nanoparticles on the surface of MWCNT was verified
by transmission electron microscopy (TEM, Philips CM10). For TEM investigations, a small
amount of the sample was sonicated in 1.25 mL of distilled water. A few drops of this
suspension were then dribbled onto the surface of the grid (LC200- Cu TEM grid covered

with lacey carbon film, Electron Microscopy Sciences, USA).

2.3.2. Scanning electron microscopy (SEM)

The morphology of the ZnO-MWCNT and BC-ZnO-MWCNT samples was investigated
by scanning electron microscope. SEM investigation of the ZnO-MWCNT composites was
performed by a Hitachi S-4800 Type FE-SEM operating in the range of 0-30 keV. Before
the measurement, the samples were mounted on conductive carbon tape. In the case of BC-
ZnO-MWCNT hybrid membranes, focus-ion beam scanning electron microscopy (FIB-
SEM) was also used. The SEM investigations were performed with the use of Hitachi S-
4800 Type Il FE-SEM operating in the range of 0-10 keV, and the FIB-SEM measurements
were done with a Thermo Helios G4 PFIB CXe instrument. The surface morphology of the
BC-ZnO-MWCNT hybrid membranes before and after E. coli filtration experiments was
investigated by SEM and FIB-SEM using the same instruments mentioned above.
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2.3.3. Energy-dispersive X-ray spectroscopy (EDAX)

The energy-dispersive X-ray spectroscopy (EDAX) measurement of the ZnO-MWCNT
composites and the BC-ZnO-MWCNT hybrid membranes was completed with the scanning

electron microscope equipped with a Rontec XFlash Detector 3001 SDD device.

2.3.4. X-ray micro-computed tomography equipment (uCT)

The three-dimensional architecture of the BC-ZnO-MWCNT hybrid membranes was
characterized using YXLON FF35 dual-beam X-ray micro-computed tomography
equipment (CT) (microfocus X-ray tube, transmission beam, acceleration voltage: 50 kV).

2.3.5. X-ray powder diffraction (XRD)

The crystalline structure of the as-prepared ZnO-MWCNT composites was determined
by powder X-ray diffraction method (Rigaku Miniflex Il Diffractometer) utilizing
characteristic X-ray (CuKa (A = 15405 A)) radiation). Scanning was carried out over a 26
range of 10-80° with a step size of 0.0167°.

In the case of the BC-ZnO-MWCNT hybrid membranes, the crystalline structure was
determined by the X-ray powder diffraction (XRD) method (Bruker D8 Advance
diffractometer) with Cu Ko radiation (40 kV and 40 mA) in parallel beam geometry (Gbel
mirror) with a position-sensitive detector (Vantecl, 1° opening). Measurements were taken
in the 2-100° (20) range with 0.007° (26)/14 s goniometer speed, on top-loaded specimens
in zero-background Si sample holders. The average crystalline size of inorganic particles

can also be estimated from X-ray diffractograms by the Scherrer equation 1 [155]:

D = (KA1)/(B cos 8) Equation1

Where D is the diameter (in nanometer) of the grain or the layer, K is the shape factor
(0.89), A is the X-ray wavelength of Cu Ka (0.154 nm), B is the experimental full width half

maximum of the respective diffraction peak(s), and € is the Bragg angle.

2.3.6. Surface area measurement (BET)

The specific surface areas of the samples were determined by the adsorption of nitrogen
at 77 K according to the method of Brunauer-Emmett-Teller [156]. After the samples were
pre-treated at 300 °C for 15 min in helium atmosphere (50 mL/min), measurements were
carried out by a single point BET instrument (BEL Japan Inc. BELCAT-A). To determine
the surface area and micropore volume (t-plot method) of the BC-ZnO-MWCNT hybrid
membranes, a Nitrogen (N2) adsorption-desorption experiment was performed at 77 K using
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ASAP 2020, Micromeritics Instrument Corp. Germany. Before each measurement, the

samples were degassed at 90 °C for 24 h.

2.3.7. Thermogravimetric analysis (TG)

Thermogravimetric analysis (NETZSCH STA 409 PC connected to a Pfeiffer QMS 200
mass spectrometer system) of the ZnO-MWCNT composites was performed in air
(measurement range: 25-800 °C, flow velocity: 40 mL/min, heating rate 10 °C/min) using a
100 mg sample.

2.3.8. Dynamic light scattering (DLS)

Electrophoretic measurement of the BC-ZnO-MWCNT hybrid membranes was
performed by dynamic light scattering (DLS) (ZetaSizer NS, Malvern, UK) device. The
measurement is based on the combination of laser Doppler velocimetry and phase analysis
of light scattering (PALS) in Malvern’s M3-PALS technique.

2.3.9. Mercury intrusion porosimetry (MIP)

The BC-ZnO-MWCNT hybrid membranes were also investigated by mercury intrusion
porosimetry (MIP) to determine the pore size distribution. Measurements were done on
PASCAL 140 (low pressurization system down to 0.04 MPa) and PASCAL 440 (high
pressurization system up to 400 MPa) instruments (manufactured by Thermo Scientific).
2.3.10. Raman spectroscopy

Raman spectroscopy measurements of the ZnO-MWCNT composites and the BC-ZnO-
MWCNT hybrid membranes were performed by a high-resolution Raman spectrometer
Nicolet Almega XR (Thermo Electron Corporation, USA) with a 532 nm Nd:YAG laser (50
mw).

2.3.11. UV-VIS spectroscopy

The UV photoreactor applied was equipped with a fluorescent lamp (Vilber-Lourmat T-
6L UV-A, 6 W power, radiation maximum at 365 nm). Changes in the concentrations were
followed with gas chromatograph (Agilent 6890 N) using a HP-PLOT Q column, equipped
with thermal conductivity (TC) and flame ionization (FI) detectors and an Agilent 5975C
VL MSD mass spectrometer.

2.3.12. Gas chromatography (GC)

The changes in the concentration of acetaldehyde were followed with gas
chromatography (Agilent 6890 N) using an HP-PLOT Q column, equipped with thermal
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conductivity (TC) and flame ionization (FI) detectors and the Agilent 5975C VL MSD mass-
spectrometer.

2.3.13. Contact angle measurement

Contact angle measurement of the BC-ZnO-MWCNT hybrid membranes was carried out
using the sessile drop method (SP 12 melt microscope, Sunplant Ltd, Hungary), making a
silhouette shot. KSV software (KSV Instrument Ltd, Finland) was used to evaluate the

recording and determine the angular values.

2.3.14. Colorimetric and water vapor absorption

The color of the BC-ZnO-MWCNT hybrid membranes was measured using a HunterLab
Color Quest XE (USA) colorimeter (D65/10°) and compared to the white background tile of
the apparatus. Color difference (AEab*) and lightness (L*) values were determined in
CIELab color space. Water vapor sorption is usually used for characterization of the internal
surfaces of cellulose-based substrates available for water vapor molecules and determined
by exposing the samples, previously dried over P2Os for 5 days, to an atmosphere of 65%

RH at 25°C for 5 days and calculated as the percentage of the dry weight.

2.3.15. Tensile strength, tear elongation, electrical conductivity

Mechanical properties of the BC-ZnO-MWCNT hybrid membranes were examined by
an Instron 5566 tensile tester (USA) at 10 mm min? cross-head speed and 10 mm gauge
length on specimens with 5 mm width. At least four parallel measurements were performed
and averaged. A LabView-based measurement system was used to perform the electrical
conductivity measurements. The measurement setup constituted an NI PXI-1044 chassis, an
NI PXI-8106 embedded controller module, and an NI PXI-4071 high-precision DMM
(digital multimeter) module. For measurements of the resistance (conductance) of the

sample, the Kelvin (four-wire) method is used.
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3. Results and discussion

3.1. Investigation of ZnO-MWCNT composites prepared under different

solvent conditions

3.1.1. TEM analysis

The ZnO-MWCNT composite samples were investigated by the TEM technique. Figure
5 shows TEM micrographs at various magnifications of the prepared ZnO-MWCNT
nanocomposites. The fabrication of ZnO-MWCNT composites using Zn(CH3COO), x 2H,0
as precursor and SDS modified MWCNT was successful using both solvents, although
different composite structures were observed during TEM observations. Figure 5 (A,B) show
representative electron micrographs obtained from the investigation of composite materials

prepared in ethanol.

Figure 5. TEM micrographs of ZnO-MWCNT nanocomposites applying EtOH (A, B) and
water (C, D) as a solvent
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TEM micrographs revealed that ZnO nanoparticles covered most MWCNT, and
segregated particles could not be observed during analysis. Figures 5 (C,D) present views of
the nanocomposite sample prepared in water, and these micrographs demonstrated that the
surface of MWCNT was covered weakly with ZnO nanoparticles. Larger, segregated ZnO
crystallites and uncovered MWCNT were also observed when water was used as the solvent.
By analyzing the as-prepared products, it can be concluded that EtOH provides more
uniform ZnO-MWCNT nanocomposite samples. In previously published results, ZnO
crystallites with different morphologies were observed using different solvents, such as
water, ethanol, and n-propanol [157]. The surface tensions of these solvents are very
different from each other, so the final composite morphology can be varied easily by

changing the solvent.

3.1.2. TG, XRD, and BET analysis

To identify the ZnO nanoparticles and transform the amorphous phase into the crystalline
phase, the composite samples were heat treated. Before that, the DTG gave us essential
information about the phase transformations resulting from the rise of the temperature
(Figure 6). The first thermal event was observed up to 100 °C with ~14.9% weight loss. This
weight loss can be associated with the thermal dehydration of Zn(CH3COO), x 2H20 and,
more specifically, with the loss of the two water molecules. By further increasing the
temperature, the decomposition of anhydrous Zn(CH3zCOO)z into ZnO occurs at ~250 °C
and is completed at ~300 °C with a ~28.8% weight loss. Beyond this temperature and up to
400 °C, the formation of stable ZnO crystal takes place. Based on these results, we decided
to perform the calcination at 300 °C for 3 h since a stable ZnO phase is obtained. Further
thermal events can be noticed from 450 °C to 550 °C with a ~4.8% weight loss, which
belongs to the burning of SDS modified MWCNT.
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Figure 6. Thermal analysis of Zn(CH3;COOQO); x 2H,O/SDS/EtOH/MWCNT nanocomposite

material.

The degree of crystallization of composite samples was investigated by XRD. The results
of the analysis are presented in Figure 7. The diffraction peak at 20 = 26.5° can be identified
as the 002 reflection of MWCNT. The other diffraction peaks in the range of 20° < 26 < 80°
correspond to the (100), (002), (101), (102), (110), (103), (200), (112), (201), (004)
reflections of ZnO.

Furthermore, from the analysis of the TEM pictures, the average particle sizes were
calculated using ITEM software (Olympus Soft Imaging Solutions). The particle size
distribution was concluded by measuring the size of 100 particles in all samples. We
considered that the TEM micrographs only show a 2D projection of the 3D particles; thus,
the observed particle size distribution is a distribution the particles’ projected dimension.
Particle size values obtained with the two different calculations showed good agreement.
Table 5 shows the average particle diameters (dav) in nanometers, calculated from TEM and
XRD investigations. In the case of pure MWCNT, TEM micrographs were used only to
determine the average diameter. As-prepared MWCNT-based filter materials were also
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characterized by the N2 adsorption technique to measure their specific surface area. Table 5

shows the measured specific surface area values.

° MWCNT] | Zn0O

e .| ZnO/MWCNT (EtOH)

| | L J Y
! U ™ h °
\ Bl g
Ia‘ AN I ? | °
2 I VA 'nx\ | R :&? o o
v_q_»vﬁ':%:r:ij / | SSUNSISIENOW | WS ) W— N ;x}'\f/ vk‘*:.:ff'i‘«-._»"'"‘l"‘\«::.u

Normalized Intensity / arb.units

N
o
w
o
H
o
N
o
(22)
o
N
o
(o)
o

20/°

Figure 7. X-ray diffractograms of heat-treated raw materials and ZnO-MWCNT

nanocomposite sample prepared in EtOH

Table 5. Particle size (in average) and specific surface area of raw materials and MWCNT

based composites

Sample name daverage (NM) BET (m?/g)
MWCNT 35.8 182.1
Zn0O 15.1 51.2
ZnO-MWCNT/EtOH 20.2 64.3
ZnO-MWCNT/H20 23.4 61.8
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3.1.3. Determination of photocatalytic efficiency

Photocatalytic experiments of the ZnO-MWCNT composites prepared under different
solvent conditions were carried out using the system, that can be seen in Figure 8. The
applied UV photoreactor (Figure 8 A - marked by a red circle) was equipped with a
fluorescent lamp (Vilber-Lourmat T-6L UV-A, 6W power, radiation maximum at 365 nm).
The added amounts of the photocatalysts were 0.5 g/L, and acetaldehyde (AA), a harmful
chemical material (Spektrum3D, 99.0 %), was used to characterize the photocatalytic
activity of the specimen. First, MWCNT composites were suspended in EtOH with a
concentration of 0.5 mg/mL. In the next step, 100 mL portions of these ZnO-MWCNT
suspensions were deposited onto high purity alumina-based ceramic papers (COTRONICS
Corporation-Ultra Temp 300) [158] with a diameter of 47 mm by simple filtration, enhanced
with vacuum suction. Every suspension was used within a few hours to avoid MWCNT
aggregation, which could alter the membranes’ final performance. As a final step, the as-
prepared MWCNT composite membranes were dried at 100 °C for 30 minutes to remove
residual solvents. As-prepared alumina-based ceramic membranes, with a load of 0.75

mg/cm? (50 mg/membrane), were cut into half to fit into the sample vial easily and placed

into glass vials equipped with opening and locker plastic head as can be seen in Figure 8B.

Figure 8. UV photoreactor (left corner-A) with GC (A) and glass vials with ZnO-MWCNT
nanocomposites, pristine ZnO, alumina paper, and MWCNT (B)

Glass vials were rinsed with N2 gas before starting the photocatalytic decomposition of
AA. Then, vials were filled with a saturated vapor of AA (0,987 bar; 20 °C; 0.9 mM) and
kept until the adsorption equilibrium state was reached (~40 min). Vials were placed into a

stationary reactor and irradiated the specimen in AA atmosphere with a wavelength of 365
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nm at room temperature for 120 min. Changes in AA concentrations were followed with a
gas chromatograph (Agilent 6890 N) using an HP-PLOT Q column, equipped with thermal
conductivity (TC) and flame ionization (FI) detectors and Agilent 5975C VL MSD mass-
spectrometer. The split ratio was 10:1 in all cases. Each nanocomposite sample was tested
three times. As reported previously, several types of intermediates can be generated during
the decomposition of AA (e.g., formaldehyde, acetic acid) [159]. However, the main product

was COz. In this report, the determination of CO2 was performed by gas chromatography.

3.1.4. Photocatalytic decomposition of acetaldehyde

Before photocatalytic measurements, blank experiments were carried out to determine
the decomposition of AA without any photocatalysts. The AA transformation was below 5
% during 120 min long irradiation. The adsorption capacities of laboratory-prepared
nanocomposites were also measured in dark experiments. Results pointed out that
nanocomposites produced via the utilization of EtOH solvent during the synthesis method
resulted in higher adsorption ability. These materials adsorbed 10-15 % of AA at applied
concentration after 120 min in the dark, while nanocomposites produced in water solution
adsorbed only 5-8 % of AA. The estimated difference in adsorption capacities cannot be
connected to the specific surface areas since, these properties of the materials are very similar
(see Table 5). The difference is probably due to some unclarified special surface property
resulting from the different solvents applied during synthesis methods. The adsorption
capacity of a pure alumina ceramic membrane was also investigated under dark conditions.
The pure alumina membrane adsorbed only 1-3% of AA (Figure 9 - brown curve). The
photocatalytic behaviors of the raw materials, the pure alumina ceramic paper, the simple
mechanical mixture of MWCNT and ZnO, and ZnO-MWCNT composites were examined
as shown in Figure 9. In the case of the ZnO + MWCNT mechanical mixture, the MWCNT
content was 10 wt % also. Comparing the decomposition efficiency of the modified
MWCNT, the pristine ZnO, and the mechanical mixture of MWCNT and ZnO with the as-
prepared ZnO-MWCNT nanocomposites, it was found that ZnO-MWCNT nanocomposites
have comparatively higher photocatalytic activity, as can be seen in Figure 9 (green and
yellow curves).

Furthermore, the ZnO-MWCNT composite prepared in EtOH possesses the highest
photocatalytic activity in the AA degradation reaction, which comes up to 71 % in the AA
photocatalysis processes. While after 120 minutes of irradiation by ZnO-MWCNT
photocatalyst, 71 % of AA was decomposed (when using EtOH as a solvent - Figure 9 green

39



curve) and 65 % (when using H20 as a solvent - Figure 9 yellow curve), by ZnO-MWCNT
mechanical mixture only 35 % of AA was degraded after 120 minutes. Furthermore, it was
found that the decomposition curve shape of pure MWCNT (Figure 9 - black curve) is
different from other curves, which is related to the excellent adsorption of AA by MWNT
because of its high specific surface area (182.1 m?/g) and the tubular structure of MWNT
[58]. Presumably, this can be a plausible explanation for the higher photocatalytic activity
of MWCNT compared to ZnO or the ZnO + MWCNT mechanical mixture.
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Figure 9. Photocatalytic decomposition of AA (Caa = 0.9 mM; Amax at 365 nm) by ZnO

nanoparticles, MWCNT, pure alumina membrane, the mechanical mixture of ZnO and
MWCNT (ZnO + MWCNT) and ZnO-MWCNT nanocomposites prepared in EtOH and H,O

3.2. Investigation of ZnO-MWCNT composites prepared by different

synthesis methods

3.2.1. SEM and EDAX analysis

The as-prepared ZnO-MWCNT composites were observed with SEM and EDAX
techniques. The fabrication of ZnO-MWCNT composites from ethanol solution was
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successful using both of the applied synthesis methods, although different ZnO layer
structures were observed during SEM observations. Figure 10 shows representative views at
various magnifications of the obtained ZnO-MWCNT composites materials prepared with
the impregnation method; these micrographs revealed the presence of ZnO nanoparticles
formed on the surface of MWCNT. By analyzing the micrographs mentioned above, it was
found that the average diameter of ZnO nanoparticles is in the range of 22+5 nm, although
ZnO particles were sticking together on the surface of the MWCNT, resulting in larger ZnO
agglomerates in some cases. On the other hand, SEM micrographs confirmed that ZnO
nanoparticles covered the majority of the MWCNT, and separated ZnO particles were not

observed during investigations.
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Figure 10. SEM micrographs (A-B) of ZnO-MWCNT nanocomposite prepared by

impregnation

Figure 11 A-D shows SEM micrographs at low (Figure 11 A-B) and high (Figure 11 C-
D) magnification of ZnO-MWCNT composites prepared by solvothermal method. These
micrographs clearly demonstrate that the produced composites contain large ZnO particles
with hexagonal structures. The average diameter of these ZnO hexagonal is between 3-5 pm.
SEM observations revealed that MWCNT were built into the ZnO crystals, as can be seen
in Figure 11. Based on SEM analysis, it is presumed that not only the solvent but also the
applied synthesis technique is could be a determinative parameter during the formation of
ZnO particles and the preparation of ZnO-MWCNT composite materials. As shown in
Figure 11, ZnO crystallites were aggregated into big hexagonal particles in EtOH medium
during solvothermal synthesis due to the solvent's surface tension. Consequently, the final
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morphology of the ZnO-MWCNT composites can be varied easily by applying a different

method.

Figure 11. SEM micrographs (A-D) of ZnO-MWCNT nanocomposite prepared by

solvothermal method

In order to characterize the quality of ZnO particles on the surface of MWCNT, EDAX
analysis was performed by the SEM instrument for each sample. In this dissertation, two
EDAX spectra are presented based on the high degree of similarity of the obtained results
(Figure 12). The most significant signals originate from carbon (C), oxygen (O), and zinc
(Zn). EDAX analysis confirms the presence of ZnO and MWCNT in the composite samples.
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Figure 12. EDX analysis of ZnO-MWCNT nanocomposites

3.2.2. Raman spectroscopy analysis

Raman spectroscopy investigation of the prepared ZnO-MWCNT samples confirmed the
presence of ZnO and MWCNT in the composites. Compared to the Raman spectra of pristine
MWCNT, Raman spectra of the products exhibits two peaks at 437 cm™ and 1151 cm™
which are characteristic peaks of ZnO (Figure 13).
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Figure 13. Raman spectra of MWCNT, ZnO, and ZnO-MWCNT composites (ZnO peaks in
the MWCNT-ZnO are weak due to the weak Raman cross section of ZnO)
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Three other strong bands deriving from MWCNT appear at 1340 cm™, 1574 cm™ and
2680 cm?, attributing to the D, G and G'- bands of MWCNT, respectively. The sharp and
most intensive peak at 437 cm™ in the Raman spectra of ZnO can be assigned to the E2
(high) mode of ZnO, which is the strongest model in the wurtzite crystal structure [160].
Probably due to the interaction between the MWCNT and ZnO particles, the bands shift

slightly, as can be seen in Figure 13.

3.3. Characterization and application of the BC-ZnO-MWCNT hybrid
membranes

3.3.1. SEM, EDAX, and pCT analysis

Scanning electron micrographs in Figure 14 show the surface structure of pure BC
membrane (A) and hybrid membranes (B, C, E, F). The fabrication of membranes was
successful in all cases, although different morphology was observed during SEM
investigations. The as-prepared hybrid membranes were stable, flexible, and self-supported,
except for the membranes with the highest additive content (IMP 90 and SOLVO 90). These
properties can be explained by the interaction between a certain amount of hydroxyl (—OH)
groups on BC fibers and the oxygen-containing species on the surface of MWCNT, which
resulted in interfacial bonding [161, 162]. SEM micrographs in Figure 14 B and C prove the
presence of ZnO nanoparticles on the surface of BC-based membranes prepared by the
impregnation method. In a few cases, the ZnO particles stacked together, resulting in larger
ZnO agglomerates. After applying ZnO-MWCNT-SOLVO additives (Figure 14 E, F) the
produced hybrid membrane consists of typical hexagonal ZnO particles with an average size
of 3-5 um, and likely, the MWCNT was built inside the ZnO crystals. The presence of ZnO
particles on the surface of MWCNT was investigated by EDAX analysis and was performed
for each sample. EDAX spectra in Figure 14 D and G reveal that the detected signals
originated from three elements, carbon (C), oxygen (O), and zinc (Zn), confirming the
presence of BC, MWCNT, and ZnO in the hybrid membranes. Furthermore, in order to
demonstrate the differences between the distribution and particle size of ZnO crystals,
elemental mapping analysis (Figure 14 D, G) was recorded for atoms of interest: C represents
both MWCNT and BC, the same as Zn for ZnO. It was discerned that the concentration and
distribution of Zn showed a vital difference, therefore confirming the different surface

morphology of hybrid membranes.
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Figure 14. SEM micrographs of pure BC membrane (A) and BC-ZnO-MWCNT hybrid
membranes: IMP 20 (B, C) and SOLVO 20 (E, F). EDAX spectra and elemental mapping of
hybrid membranes: IMP 20 (D) and SOLVO 20 (G)
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FIB-SEM was performed for the SOLVO 20 nanohybrid membrane in order to answer
the question of whether the MWCNT is built inside the hexagonal ZnO particles, leading to
a variation in the properties of BC-based hybrid membranes. Figure 15 A-C shows the
representative SEM micrographs of the outer (Figure 15 A) and internal (Figure 15 B, C)
structure of ZnO particles. A ZnO hexagonal particle was beforehand cut to get some
knowledge about its morphology. As shown in Figure 15 B, the inside structure of the ZnO
crystals contains many cavities. Presumably, this phenomenon could be related to the
presence of MWCNT and the crystallization process of ZnO particles. These holes are filled
with a tubular material with a wall thickness of approximately 30 nm, as was witnessed on
the cross-section analysis in Figure 15 C. Measured values show a good correspondence with
the medium diameter of the MWCNT, validating the presence of carbon nanotubes in the
internal structure of the hexagonal ZnO. Moreover, the EDAX mapping examination results
also prove the presence of MWCNT inside the ZnO particles, as carbon signals were
registered in the ZnO particle (Figure 14 G).
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Figure 15. FIB-SEM micrographs of SOLVO 20 hybrid membrane: ZnO microparticle (A),
cut ZnO particle (B), the internal structure of ZnO. MWCNT with an average diameter of 30
nm are indicated with white arrows (C).

Although electron microscopy is often used during the analysis of nanocomposite
materials, there are some limitations to these techniques, e.g., the size of the investigated
area. In order to gain information about the homogeneity and the surface morphology of the
whole membrane, CT analysis was performed in the case of SOLVO membranes. Figure 16
A shows the cross-section analysis, while Figure 16 B shows the surface morphology of the
SOLVO 50 membrane.
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Figure 16. CT analysis of SOLVO 50 hybrid membrane: cross-section analysis (A), surface
morphology (B), particle volume distribution (C and D)

The bright dots in Figure 16 B and C represent the homogeneous distribution of ZnO
microcrystals on the surface of the hybrid membrane. The volume of the individual ZnO

particles was also determined in the full 3D extension of the sample (Figure 16 C). It was
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found that 95 % of the ZnO microparticles have a volume from 5x10®% mm3®to 1.16x10®
mm? in the case of both types of SOLVO membranes (Figure 16 D). Presumably, these ZnO
microcrystals play an important role in the photocatalytic decomposition of organic dyes
and/or bacteria as larger photoactive centers. It is clear that ZnO particles in the micrometer
range have significantly higher volume than ZnO nanoparticles; consequently, increased

photocatalytic performance can be assumed by applying SOLVO membranes.

3.3.2. XRD, Raman spectroscopy, MIP, and BET analysis

To convert the amorphous phase of ZnO into crystalline, the composite additives were
annealed at 400 °C for 4 h before usage for the modification of BC. The diffraction peaks at
260 0f 26.5° and 44° can be assigned to the graphite structure of MWCNT (Figure 17 A, black
curve). The characteristic peak of BC (Figure 17 A, red curve) appears at 26 of 14.5°, 16.4°,
and 22.5°, referring to the diffraction plane (101) (amorphous region), (101) (amorphous
region) and (200) (crystalline region), respectively [163,154]. In agreement with
Crystallography Open Database No. 9004178, diffraction peaks at 20 of 31.7°, 34.5°, 36.1°,
47.5°, 56.7°, 62.8°, and 67.9° correspond to the (100), (002), (101), (102), (110), (103) and
(200) planes, respectively, reflections of hexagonal ZnO (Figure 17 A, blue curve) [164].
They are present in the diffractograms of ZnO-containing additive (Figure 17 A, pink curve)
as well as in the IMP 20 and SOLVO 20 hybrid membranes (Figure 17 A, green and dark
blue curves, respectively).

Particle size was calculated from the XRD results, utilizing Rietveld refinement in Bruker
TOPAS4, given as weight mean column length. The average particle diameter of ZnO
crystallites is 20 + 5 nm in the IMP hybrid membranes, whereas it was 260 + 58 nm when
the solvothermal method was applied for the preparation. Based on the particle size analysis
and the SEM study (Figure 14 E, F) presented above, it can be assumed that ZnO crystallites
form larger (4-5 pm) particles of hexagonal structure in SOLVO hybrid membranes than in

membranes prepared by the impregnation method.
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Figure 17. XRD (A) and Raman spectra (B,C) of pure materials (BC, ZnO, and MWCNT),
ZnO-MWCNT additives, and BC-based hybrid membranes

The lattice parameters of ZnO were determined during Rietveld refinement, values for
the impregnated samples are on average a =3.251 £0.001 A and b=5.210+ 0.002 A, while
the solvothermal synthesis shows a = 3.250 £+ 0.001 A and b = 5.207 + 0.001 A. The
theoretical lattice parameters (COD 9004178) are a = 3.249 A and b = 5.203 A, in good
agreement with the refined values. In order to confirm the chemical interaction between BC
and ZnO-MWCNT composite additives, Raman spectra of the pristine materials (BC,
MWCNT, and ZnO) and hybrid membranes were recorded (Figure 17 B, C). The
characteristic peaks of ZnO can be distinguished at 438 and 1156 cm™ (Figure 17 B, blue
curve). The green curve in Figure 17 B shows peaks at 1105 and 2897 cm™, which are the
characteristic bands of BC. As the amount of the composites increases, the intensity of the
two bands of BC diminishes considerably, and the peaks become nearly invisible in the case
of hybrid membranes with high ZnO-MWCNT content. Three other principal peaks
originating from MWCNT (Figure 17 B, black curve) appear at 1339, 1580, and 2683 cm ™.
They are attributed to the D, G and G’ bands of MWCNT, respectively. By determining the
ratio of these bands, the purity of the MWCNT samples can be efficiently determined [165].

As can be seen in Figure 17 C and Table 6, notable differences were not distinguished by
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comparing the intensity ratios of D/G, G'/G, and D/G’, showing that the structure of the
composite additive was not destroyed during the membrane preparation procedure [166].
The D band is attributed to disorder provoked by defects and curvature in the nanotube
lattice; the G band is the in-plane vibration of the C—-C bonds, while the G’ band is the
overtone of D band [167]. Moreover, in Figure 17 C, an up-shift in both the D band (from
1339 to 1345 cm™1) and G band (from 1580 to 1592 cm™1) was seen in the spectra of hybrid
membranes. This aspect could be described by the formation of non-covalent interactions,
likely hydrogen bonds, between the MWCNT and BC fibers, resulting in a slight band
shifting [170]. According to the relative pore volume histograms (Figure 19), the membranes
prepared by the impregnation technique have a wider pore size distribution range. As shown
in Figure 19, most pores are in the range of 10 um to 100 pwm in all membranes. By comparing
the hybrid membranes, it can be concluded that the average pore size of SOLVO membranes

is significantly higher than that of IMP membranes.

Table 6. Summary of the ratios of D, G, and G’ peaks

MWCNT SOLVO 20 SOLVO 50 SOLVO 80
Io/le 1.02 1.04 1.05 1.04
I/l 0.89 0.97 0.96 0.96
Io/le 1.14 1.07 1.09 1.08

The pores that are larger than 10 um occupy a cumulative pore volume of about 77.0 %
and 97.0 % for SOLVO 50 and SOLVO 80, respectively. Moreover, the SOLVO 80
membrane possesses a relatively narrow PSD with the highest relative pore volume at 98.8
um, while SOLVO 50 shows a wider PSD with 2 larger peaks at 0.008 pm and 0.085 pm. In
the case of IMP samples, the peaks shifted towards the smallest pores, and the number of
pores below 10 um has increased, in particular those under 1 um. Based on the pore size
distribution analysis, we assumed that the as-prepared hybrid membranes were suitable for

filtration and adsorption experiments.

50



[ ve 50 © I 1P 80
25
—_ 35-
2 S
X 20 v 304
e E
-
£ = 251
= 151 >
e @
- =~ 20
e £
S 101 o 154
~ 2
[} R
z = 104
8 51 &
] -
g 5
0+ 04
1E3 0,01 0,1 1 10 100 1E-3 0,01 0,1 1 10 100
Pore Size (um) Pore Size (um)
[ soLvo 50 2 B soLVO 80
20
)
—_— -
S 2
- -
: 15 2
E 2 15
© -
- 104 B
@ 19
s £ 10
~ B
@ z
57 Z 5
[
K -4
0 = 0 T T T
1E-3 0,01 01 1 10 100 1E-3 0,01 0,1 1 10 100
Pore Size (um) Pore Size (nm)

Figure 18. Pore size distribution analysis of hybrid membranes

As the results in Table 7 reveal, the specific surface area of BC membranes dried from a
water-swollen state was found to be about 0.8 m? g~*. A similar value was obtained for cotton
(1 m? g 1) also dried from a water-swollen state [168], and a slightly higher value (2.7 m?
g 1) was measured for BC [169]. The commercial MWCNT has a very high specific surface
area (302 m? g ') that is also determined by nitrogen sorption. However, for composite
additives where the MWCNT is incorporated with ZnO, the values are significantly lower
and depend mainly on the preparation methods (IMP: 27 m? g~%; SOLVO: 48 m? g%). Thus,
the surface area of hybrid membranes is higher than that of the BC and lower than that of

the composite additives.
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Table 7. The specific surface area determined by nitrogen of the raw materials, composite

additives, and BC-based hybrid membranes

Sample Specific surface area (m>g+)
MWCNT 302
CTAB-MWCNT -
Zn0O 50
BC 1
IMP 10 3
IMP 20 6
IMP 50 13
IMP 80 21
IMP 90 25
SOLVO 10 13
SOLVO 20 17
SOLVO 50 25
SOLVO 80 33
SOLVO 90 36

3.3.3. DLS and contact angle measurement

Zeta potential ({) was measured in a pH range of 3.0 - 9.0 for the hybrid membranes and
raw materials, and the results are presented in Figure 19. The samples were dispersed in
distilled water to reach the final concentration of 0.1 wt % before starting the experiments.
HCI or NaOH diluted solutions (0.1 M) were used in order to adjust the pH. Each
measurement was repeated three times. The pure BC showed a negative zeta potential,
whereas the CTAB treated MWCNT and ZnO are positively charged in the chosen pH range.
Modification of BC with ZnO-MWCNT composite additives shifts their isoelectric point
(IEP) towards higher values (the surface becomes more positively charged). By comparing
the results for each pH, it can be concluded that the { of hybrid membranes of both series
increases continuously with increasing amounts of the ZnO-MWCNT composite additive.
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Figure 19. Zeta potential of raw materials: IMP (A) and SOLVO (B) hybrid membranes as a
function of pH.

Table 8. Isoelectric points (IEP) of the raw materials, composite additives, and BC-based
hybrid membranes

Sample IEP (pH)
MWCNT 4.2
CTAB-MWCNT >9
Zn0O >9
BC <3
IMP 10 <3
IMP 20 <3
IMP 50 3.2
IMP 80 4.0
IMP 90 4.2
SOLVO 10 <3
SOLVO 20 4.4
SOLVO 50 5.5
SOLVO 80 6.2
SOLVO 90 7.5
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It can also be ascertained that the SOLVO hybrid membranes have significantly higher
IEP values (Table 8) than the IMP hybrid membranes in the selected pH range and at the
same ZnO-MWCNT additive content. Based on the obtained results from the BET and DLS
measurements we realized that for samples containing 10 % additives their BET surface area
values and IEP values were low and not promising; on the other hand, the samples containing
90 % additives were unstable. This was the reason that we focused on samples of 20 %, 50
%, and 80 %.

The surface hydrophilicity/hydrophobicity of the membranes was also characterized by
water contact angles. Results reveal that the contact angles of IMP membranes were in the
range of 36-42° (Figure 20 A-C), the surface is hydrophilic, and the effect of additive content
is negligible. It is evident that SOLVO membranes exhibited higher water contact angles
than IMP membranes. The contact angle changed from 77° to 136° (Figure 20 D-F)
depending on the membrane composition. Consequently, the hydrophilic surface of the as-
prepared hybrid membranes can be easily influenced by incorporating different amounts of
ZnO-MWCNT additive prepared by the solvothermal method into the BC network.

Imp20 - 36° Imp50 - 42°

Solvo20 - 77° Solvo50 - 124° Solvo80 - 136°

Figure 20. Photomicrographs of a water drop with contact angle values measured on the
surface of IMP (A-C) and SOLVO (D-F) hybrid membranes
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3.3.4. Color and water vapor absorption capacity measurements

Smooth, flexible, and gray membranes with a thickness of about 40-60 um are presented
in Figure 21. It was evident that the color varies from light to dark gray depending on both
the amount of the concentration of the composites added and on the preparation method. As
the data in Table 9 reveals, the white color of the BC matrix changes significantly; the
lightness decreases with increasing additive concentration, and the color difference based on
the standard white tile of colorimeter ranged from 31 to 48 and from 50 to 65 for IMP and

SOLVO membranes, respectively.

Figure 21. Representative photographs of SOLVO 20 hybrid membranes presenting the color
(A) and flexibility (B)

Table 9. Lightness, color difference values, and water vapor sorption capacity of BC and BC-
based hybrid membranes

Sample Lightness Color difference? Water_sogption

(L) (AEab) capacity® (%)
IMP 20 63 +2 31+2 5.66 (7.07)
IMP 50 50+ 1 45+ 1 3.03 (6.06)
IMP 80 46 + 3 48+3 1.68 (8.40)
SOLVO 20 44+ 4 50+4 4.67 (5.83)
SOLVO 50 34+ 6 61+ 6 1.73 (3.46)
SOLVO 80 29+2 65+ 2 1.89 (9.45)

BC - - 7.87

4Based on the standard white tile of colorimeter
®\alues in parentheses: calculated on the cellulose content of the membrane
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The water vapor sorption capacity of the pure cellulose is around 8.0 [172]. BC is also a
good absorbent, and a relatively similar value was obtained for the pure BC membrane
(Table 9, 7.87%). For hybrid BC-based membranes, however, the water sorption decreased
with increasing additive content. Furthermore, due to the more pronounced hydrophobicity,
the SOLVO membranes displayed slightly lower water sorption than the more hydrophilic
IMP membranes. Besides, water sorption data were also calculated relative to the amount of
cellulose in each membrane (Table 9, data in brackets). Interestingly, both membranes with
an additive content of 80 absorbed significantly more water vapor (8.40 and 9.45%) than the
original BC membrane. A possible explanation of this behavior is that the additive is also

accessible to water vapor, to a certain extent.

3.3.5. Tensile strength, tear elongation, and electrical conductivity measurements

BC membranes exhibit excellent tensile strength (57 MPa; Table 10) with sufficient
elasticity (about 5% elongation) due to the strong hydrogen-bonding structure of cellulose
molecules. The addition of the ZnO-MWCNT additive to BC disrupts this compact and firm
structure. For both types of membrane, the tensile strength decreased significantly even at

the low additive content of 20.

Table 10. Mechanical and electrical properties of BC and BC-based hybrid membranes

. Tensile . Electrical
Thickness Elongation at . i
Sample (um) strength break (%) conductivity (S cm
3 (MPa) ’ 1)
IMP 20 43 16.3+1.9 46+1.4 6.1 x 10
IMP 50 63 46+0.6 24+0.7 2.3 x10%
IMP 80 65 1.1+ 05 1.7+05 1.2x 107
SOLVO 20 38 13.0+2.6 6.1+1.6 3.1
SOLVO 50 48 09+26 2.6+0.3 30.5
SOLVO 80 42 6.7+ 1.7 3.0£0.2 140.1
BC 37 56.8+6.8 48+20 -

However, the structure of as-prepared membranes is still relatively stable and resilient, as
can be seen in Figure 21 B. It is well-known that carbon nanotubes are often used as
conductive filler coating materials [65]. The addition of MWCNT to the BC contributes to

improving the electrical properties of cellulose/MWCNT composite. The conductivity of the
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MWCNT-incorporated cellulose was 1.4 x 1071 S cm™, based on the total cross-sectional
area, containing 9.6 w/w% of MWCNT [164]. A similar value (1.2 x 10 S cm™) was
measured for the IMP 80 membrane (Table 10). By comparing the electrical conductivity
values of the different membranes, it can be concluded that the BC-based hybrid membranes
synthesized by the solvothermal method have significantly higher electrical conductivity for
each composition than those prepared by the impregnation technique. The values of SOLVO
membranes increased from 3.1 to 140.1 S cm™* with increasing additive content. However,
for IMP membranes, the values were in a significantly lower range (6.1 x 10°-1.2 x 107 S
cm1). Consequently, the electrical conductivity of as-prepared membranes can be tailored
by the appropriate synthesis method.

3.3.6. Adsorption properties and photocatalytic decomposition of methylene blue

The Langmuir isotherm models (Figure 22) were used to describe the equilibrium
characteristics of the methylene blue (MB) adsorption. The Langmuir is defined by the

equation 2:

‘ImXKLXCe

17 ex K, Equation 2

de =

where ge is the amount (mmol/g), ce is the equilibrium concentration of MB in the solution
(mmol/L), gm is the maximum sorption capacity (mmol/g), and K. is the Langmuir

equilibrium constant (L/mg). KLand gm can be calculated with nonlinear regression.
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Figure 22. Adsorption isotherms of IMP 50 (A) and IMP 80 (B) hybrid membranes
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Table 11. The calculated Langmuir adsorption parameters

gm KL
Sample R?
(mmol/g) (L/mg)
IMP50 0.031+0.001 160.8+35 0.9982

IMP 80 0.040+0.0004 488.6+63 0.9997

The parameters obtained from the fitted isotherms are shown in Table 11. The correlation
coefficients (R?) are close to 1 in both cases, so the isotherms fit well with the results.
According to the results, the maximum adsorption capacity (qm) was higher for IMP80
(0.040 mmol/g) than for IMP50 (0.031 mmol/g).

The photocatalytic degradation performance of the membranes prepared by the two
different methods was investigated using MB as a targeted pollutant to support the

photodegradation efficiency of the as-prepared membranes (Figure 23).
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Figure 23. The photocatalytic degradation rate of MB over the different hybrid membranes
under UV irradiation
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The highest degradation was achieved by the membrane SOLVO 80 with a removal
efficiency of 92% after 120 minutes under UV light, as can be seen in Figure 23 (red curve),
followed by 78% decomposition of MB by the SOLVO 50 membrane, Figure 23 (green
curve). Furthermore, there was no significant MB decomposition was observed under UV
irradiation applying the same experimental setup in the absence of hybrid membrane
catalysts, as can be seen in Figure 23 light blue curve.

The lowest degradation efficiencies were achieved by the membranes prepared via
impregnation technique with the overall removal efficiency of 47 % and 49 %, for IMP 50
and IMP 80 (Figure 23 orange and blue curves), respectively. Apparently, the membranes
with higher ZnO-MWCNT content (80 %) resulted in higher adsorption capacity for MB.
The higher activity of the SOLVO membranes can also be explained by the specific surface
areas being higher than in the impregnated membrane version. This means that the
solvothermal method resulted in materials with higher removal efficiencies compared to
those prepared via the impregnation method.

MWCNT is well-known for its high adsorption and good electron acceptor properties
[170]. Both the MWCNT and bacterial cellulose possess remarkable physicochemical and
mechanical properties, which provide superior performance via synergistic effects after
combining. Furthermore, the photocatalytic degradation of MB can be explained by the
electron transfer process from the ZnO particles to MWCNT. Carbon nanotubes act as a
photogenerated electron acceptor to promote interfacial electron transfer processes from the
ZnO particles to the MWCNT. Moreover, the bacterial cellulose, in addition, has hydroxyl
groups in abundance on its surface, which may also act as a charge carrier, further improving
the catalytic performance of the hybrid membranes. The enhanced photocatalytic activity of
BC-ZnO-MWCNT SOLVO membranes indicates that a good interfacial combination exists
between ZnO nanoparticles and the MWCNT in the as-prepared composites [171].

The good photocatalytic performance of SOLVO membranes could be explained not only
by the chemical bonds between the ZnO and MWCNT but also by the size and volume of
ZnO particles. The incorporation of ZnO-MWCNT-SOLVO additives into the BC matrix
resulted in increased photoactivity of the hybrid membranes due to the presence of
micrometer-sized ZnO particles, which can also be described as the photoactive center of
MB degradation. The high removal and adsorption rates of the bacterial cellulose reinforced
hybrid membranes prepared via solvothermal method indicates good adsorption and
photocatalytic activity for MB and that these membranes are likely to be efficient

photocatalysts. It was also observed during the experimental process that membranes
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prepared via the IMP method were less stable physically (see Figure 24 A) and started to
become deformed after few minutes. Some loose threads-like fibrous parts of membranes
were also observed during sample collection. On the other hand, membranes synthesized by
the SOLVO method were not deformed and maintained their original physical state

throughout the whole experiment (Figure 24 B and C).

IMP 50 SOLVO 50 SOLVO 50
after UV irradiation before UV irradiation after UV irradiation

Figure 24. Membrane degradation of IMP (A) and SOLVO (B and C) membranes before and

after UV irradiation

3.3.7. E. coli filtration experiment

Before starting the filtration tests, control experiments were performed without applying
the as-prepared hybrid membranes to investigate the possible adsorption on the membrane
holder of the funnel. This investigation revealed that there was no measurable E. coli
retention. During the first series of the measurement, BC-ZnO-MWCNT-IMP membranes,
even at 50 w/w% BC content, were damaged due to the negative differential pressure. By
comparing the membranes, it was found that SOLVO 80 showed significantly higher tensile
strength (6.7+1.7 MPa) than IMP 80 (1.1+0.5 MPa). To avoid this damage and to obtain
comparative results, two superimposed membranes were applied in each filtration cycle.
Applying this experimental setup, we were able to stabilize the membrane structure against
the applied pressure (0.8 bar). As can be seen in SEM micrographs in Figure 25 A and B, E.
coli removal was successful using both IMP (Figure 25 A) and SOLVO (Figure 25 B) hybrid
membranes. Rod-shaped E. coli bacteria could be found in these SEM micrographs with an
average length of 2-3 um. Moreover, it can also be observed that the cell wall of the E. coli
bacteria was damaged during the filtration. Thus, we assume that novel BC-ZnO-MWCNT
hybrid membranes not only have good adsorption ability against E. coli but also have some

antibacterial activity. The antibacterial properties of cellulose/ZnO nanocomposite films
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[116] and pure carbon nanotubes [172] have been presented recently. Based on this, the
perceived antibacterial effect can be attributed to the synergistic effect of the ingredients of
hybrid membranes and the interactions between them.

Figure 25. SEM micrographs of IMP 50 (A) and SOLVO 50 (B) membranes after filtration;
Photographs of E. coli cultures before filtration with IMP 80 (C) and SOLVO 80 (E)
and after the experiment with IMP 80 (D) and SOLVO 80 (F) membranes

In both cases, the membranes containing 80 w/w % of ZnO-MWCNT additives showed
significantly higher E. coli removal than samples prepared using 50 w/w % of additives.
Figure 25 C-F and Figure 26 present the removal efficiency of BC-ZnO-MWCNT hybrid
membranes. It was found that the highest E. coli removal was achieved by the membrane
SOLVO 80, with an efficiency of 92% (Figure 25 F and Figure 26, red column).
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Figure 26. E. coli removal efficiency (BFE%) of BC-ZnO-MWCNT hybrid membranes

The IMP 80 membrane showed 91% adsorption of E. coli, as can be seen in Figure 25 D
and Figure 26, blue column. The lowest bacteria removal capacities were shown by the
membranes containing 50 w/w % ZnO-MWCNT additives with the overall removal
efficiency of 71% and 57%, for SOLVO 50 and IMP 50 (Figure 26 green and orange
column), respectively. Based on the results mentioned above, it was found that in terms of
E. coli removal, the amount of ZnO-MWCNT composite material incorporated into the
hybrid membrane structures is more important than the size of ZnO particles. Furthermore,
the outstanding filtration performance of IMP 80 and SOLVO 80 membranes indicates that
the antibacterial properties of the membranes are mainly attributed to the ZnO-MWCNT

additive and not to the bacterial cellulose, as was expected.
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4. Summary

The experimental results obtained during this Ph.D. work can be summarized in the
following conclusions:

The surface of SDS modified MWCNT was successfully coated with ZnO
nanoparticles by a noncovalent impregnation method. The synthesis was successful
in each case, although the structure of the resulting ZnO-MWCNT composites was
different. By applying the TEM technique, different layer construction and
morphology were observed using EtOH and H>O as solvents. The impregnation
method’s products were ideal candidates as starting material in photocatalytic
measurements due to the partially covered MWCNTS, which are involved in the
adsorption process during photocatalysis. The as-prepared ZnO-MWCNT
nanocomposites exhibit enhanced photocatalytic degradation property of
acetaldehyde (AA), caused by electron transfer processes from the attached ZnO
MWCNT, in which MWCNT plays the role of an electron acceptor while ZnO is
considered a good electron donor. The synthesized ZnO-MWCNT nanocomposite
prepared in EtOH showed the highest photocatalytic efficiency (71%) during the UV
irradiated degradation of AA.

The synthesis of ZnO-MWCNT composite materials was made using two different
preparation methods: the impregnation and the solvothermal synthesis technique. We
reported that both synthesis ways were successful, but the structure of composites
and the size of the ZnO particles formed were different. Using scanning electron
microscopy, it was verified that different layer construction and morphology could
be obtained by varying the applied synthesis techniques. Moreover, Raman
measurements confirmed the presence of ZnO crystallites on the surface of the
MWCNT and the interaction between them. With impregnation, the surface of the
MWCNT was not completely covered with ZnO nanoparticles, while with
hydrothermal synthesis, micrometer size ZnO particles formed. The differences
observed between the two types of synthesis could be explained by the disparity in
nanocrystallite size of ZnO. The results made it clear that the best wrappings were
obtained using solvothermal synthesis. The biggest advantage of the hydrothermal
method is that by changing the reactant’s concentration, the coverage of ZnO

particles on the surface of MWCNTSs can be controlled easily.

63



A new type of bacterial cellulose-based hybrid membrane (BC-ZnO-MWCNT) was
developed and characterized. We showed that by choosing the appropriate synthesis
method for a ZnO-MWCNT composite additive (such as impregnation or
solvothermal), the physical parameters of the as-prepared membranes could be
tailored to specific applications. Zeta potential and contact angle data proved that the
surface properties of hybrid membranes were modified significantly in a controllable
way by the preparation method and concentration of the ZnO-MWCNT composite
additive. The Zeta potential is positive for the SOLVO 80 and SOLVO 90
membranes over the pH range of drinking water. Furthermore, these membranes have
the highest surface area value. Similarly, the differences in the conductivity values
of the membranes also confirmed the importance of the synthesis method, with the
SOLVO membranes showing higher conductivity over the IMP membranes. Raman
spectroscopy confirmed that the intensity and position of the D and G bands of
MWCNT in the composite were changed in comparison to those in the pristine
nanotube. Thus, based on the results of Raman measurements, the formation of a
chemical bond between BC fibers and MWCNT-based inorganic additive can be
described as an interaction between two nanometric supra-molecular structures. The
uniform structure of ZnO-MWCNT additives and the favorable MWCNT-BC matrix

interaction led to excellent mechanical properties and flexibility.

The adsorption, photocatalytic and antibacterial properties of the cellulose-ZnO-
MWCNT hybrid membranes were presented. The as-prepared membranes were
characterized by SEM, CT, and MIP equipment. The photocatalytic degradation of
MB and the removal efficiency and antibacterial properties against Gram-negative
E. coli bacteria of the as-prepared hybrid membranes were studied. By comparing
the results, it was found that the SOLVO 80 membrane showed outstanding
properties during these experiments. Both photocatalytic degradation of MB and E.
Coli removal efficiency were achieved at 92% in the case of SOLVO 80. Moreover,
SOLVO membranes showed much better mechanical stability under UV-irradiation
and in the filtration experiments. In contrast, IMP membranes were damaged during
both photocatalysis and filtration experiments due to their lower tensile strength
parameter. Thus, the application of BC-ZnO-MWCNT-SOLVO membranes

containing ZnO particles in a micrometer range could offer further advantages and
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potential application alternatives such as a field of photocatalyst-based water
treatment technology.
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5. New scientific results

15t thesis: The effect of solvent on the formation of ZnO-MWCNT nanocomposites

It was verified that the emerging morphology of ZnO-MWCNT inorganic nanocomposites
and the proportion of segregated ZnO nanoparticles observed in the as-prepared samples
are fundamentally determined by the material quality such as the polarity of the solvent

used.

1.1.  ZnO-MWCNT composites were prepared under two different solvent conditions,
water and EtOH. The impact of the applied solvent on the morphological, structural, optical
properties was verified by transmission electron microscopy (TEM) and X-ray powder
diffraction (XRD), and the photocatalytic degradation of acetaldehyde (AA) was explored
by gas chromatography (GC). TEM images showed that inorganic particles formed and
adhered onto the surface of MWCNT using both of EtOH and water solvents. However,
separated aggregates of ZnO nanoparticles were also observed under EM investigations.

1.2. By applying EtOH as solvent the amount of segregated ZnO particles were reduced
in the ZnO-MWCNT nanocomposite. Due to the different polarities of the applied solvents
(EtOH and water), the surface coverage of the MWCNT was different due to competitive
adsorption occurred on their surface. Presumably, the formation of the ZnO nanoparticles
begins at the defect sites of MWCNT formed during the CVD process. Comparing the as-
prepared ZnO-MWCNT nanocomposites, in general it can be concluded that those prepared
by using EtOH as solvent produced morphologically more uniform structure.

1.3.  Moreover, it was found that using EtOH the degradation of acetaldehyde was found

to be 71% in photocatalytic test reactions. This is also related to the impact of the surface

tension of the solvent used.
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2nd thesis: The effect of synthesis method on the formation of ZnO-MWCNT
nanocomposites

It was proved that the formation of the morphologies of the ZnO-MWCNT composites can
be affected by the applied synthesis methods. Using the impregnation technique, MWCNT
covered with ZnO nanoparticles formed, while applying solvothermal method, micro-sized

hexagonal ZnO particles with built-in carbon nanotubes were observed.

2.1. The preparation of ZnO-MWCNT nanocomposites was carried out successfully
applying both the impregnation and solvothermal synthesis methods. Although, it was found
that by changing the synthesis method, the morphology of the ZnO-MWCNT composites
changed as well. Using impregnation, carbon nanotubes covered with ZnO nanoparticles
formed, while applying solvothermal treatment, micro-sized hexagonal ZnO particles with
built-in carbon nanotubes were observed which was also proved by the focus ion beam
scanning electron microscopy (FIB-SEM) analysis. From the preparation of nanocomposites
with different weight ratios, it was concluded that by choosing the appropriate synthesis
route (impregnation technique or solvothermal method) the structure of the as-prepared

ZnO-MWCNT nanocomposite can be easily controlled.
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34 thesis: Preparation of BC-ZnO-MWCNT hybrid membranes

I certified that flexible self-supported bacterial cellulose (BC) based hybrid membranes
can be synthesized by a simple and cheap papermaking method. Furthermore, it was
confirmed that the physical parameters of the as-prepared hybrid membranes can be
tailored by the synthesis method and the weight ratios of ZnO-MWCNT composite

additives.

3.1.  As is well-known, the MWCNT has high specific surface area and excellent
adsorption properties, ZnO a semiconductor material with a bandgap of 3.2 eV allowing it
to have a good photocatalytic activity toward the pollutants present in water, and bacterial
cellulose is an ideal candidate as a cheap and environmentally benign matrix material in
order to fabricate a self-supported and flexible membrane. Self-supported and flexible
bacterial cellulose (BC) based hybrid membranes were synthesized and decorated with ZnO-
MWCNT composite additives in order to modify and tune their surface and bulk properties.
Two types of ZnO-MWCNT additives with different morphologies were used in a wide
concentration range from 0 wt % to 90 wt% for BC-based hybrids produced by filtration.

3.2.  To prepare novel hybrid membranes containing BC and ZnO-MWCNT composite
additives, a simple and cheap so-called papermaking method was applied. It was shown that
by choosing the appropriate synthesis method (such as impregnation or solvothermal), and
the usage of adequate weight ratios (from 20 wt % to 80 wt %) of ZnO-MWCNT composite
the physical parameters of the as-prepared membranes can become affectable. The uniform
structure of ZnO-MWCNT composite additives and the favourable MWCNT-BC matrix
interaction led to excellent mechanical properties and flexibility for most of the weight ratios
applied.

3.3.  Based on my investigations, | verified that the BC-based hybrid membranes
containing higher amount of MWCNT-ZnO composite additive (50 wt% and 80 wt%)
prepared by the solvothermal method can emerge as versatile materials for future

applications in various areas.
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4% thesis: Application of BC-ZnO-MWCNT hybrid membranes

It was found that ZnO particles with a micrometer size have played a significant role
during the retention processes of bacteria and organic dyes as bigger photoactive centers.
I proved that SOLVO 80 membrane - containing micrometer sized ZnO particles in large
quantity - showed the highest photocatalytic efficiency (92%) and antibacterial retention

(92%) in filtration experiments.

4.1. The as-prepared BC-ZnO-MWCNT hybrid membranes were tested in removal
experiments of organic dyes and bacteria in order to prove their usability and efficacy
towards contaminants present in water. The methylene blue (MB) was chosen as a model for
dyes, and E. Coli was selected as the model of bacteria. Comparing the results of both types
of membranes, impregnated (IMP) and solvothermal (SOLVO), | verified that SOLVO 80
membrane - containing micrometer size ZnO microparticles - showed the highest

photocatalytic efficiency (92%) and antibacterial retention (92%).

4.2.  Moreover, SOLVO membranes (SOLVO 50 and 80) have considerable mechanical
stability than IMP membranes under UV-irradiation and in the filtration experiments. |
confirmed by X-ray micro-computed tomography (uCT) analysis that, ZnO particles in the
micrometer range - prepared by SOLVO method - have significantly higher volume (from
5x10% mm3to 1.16x10°® mm?®) than ZnO nanoparticles synthesized by IMP technique, which
explains the increased photocatalytic performance of SOLVO membranes. These ZnO
microcrystals act as an effective trap in the retention processes of bacteria and organic dyes,
as bigger photoactive centers.

4.3.  Thus, the application of BC-ZnO-MWCNT-SOLVO membranes containing ZnO
particles in the micrometer range could offer further advantages and potential application

alternatives in the field of photocatalyst-based water treatment technology.
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